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Abstract

Background: Non-alcoholic fatty liver disease (NAFLD) represents a major disease
burden in the population. While the bidirectional association between NAFLD and
diabetes is established, little is known about the association of hepatic iron content
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Results: In women and men, markers of glucose metabolism correlated with hepatic

iron and fat content. Deterioration of glycaemia was associated with increased hepatic
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1 | BACKGROUND

Non-alcoholic fatty liver disease (NAFLD), defined as an excessive
build-up of hepatic fat irrespective of alcohol consumption, viral in-
fection, or other causes, is a common and rapidly rising liver disease
worldwide. NAFLD can progress to steatohepatitis, fibrosis, cirrhosis
and hepatocellular carcinoma, thus representing a precursor state of
potentially serious and life-threatening liver outcomes.

NAFLD is tightly connected to insulin resistance, which causes
impaired lipolysis and excess fatty acid transport to the hepatocytes,
while dysregulated adipose tissue lipolysis in turn promotes insu-
lin resistance. Thus, Type 2 diabetes (T2D) and NAFLD frequently
co-exist.? Recent meta-analyses estimated that 55.5% of individu-
als with T2D also had NAFLD?® and that NAFLD doubles the risk of
incident T2D.* In addition, Mendelian randomization studies have
demonstrated a causal, bi-directional relationship.’

Diabetes has also been identified as a risk factor of progression
to liver cirrhosis and carcinoma.® However, although NAFLD devel-
opment and progression are known to differ according to biological
sex,” sex-specific impacts of diabetes on hepatic fat accumulation
have not been comprehensively studied. Moreover, since glucose
metabolism is dynamic, the development of glycaemia over time
might also affect hepatic fat content.

Recently, both animal and human studies have implicated he-
patic iron content as a potential factor driving the progression from
NAFLD to steatohepatitis via ferroptosis-induced inflammation and
necrosis.®? An association between markers of iron metabolism and
liver disease has already been established.l® A recent Mendelian
randomization study using data from the UK Biobank showed tenta-
tive evidence for a potential causal association of liver iron on fatty
liver.t?

At the same time, oxidative stress induced by iron overload leads
to increased insulin resistance, establishing a link between circulat-
ing markers of iron metabolism and T2D.'? Sex-specific associations,

iron content in men (normoglycaemia to prediabetes: beta=2.21 st 95% Cl [0.47,
3.95]). Additionally, deterioration of glycaemia (e.g. prediabetes to diabetes: 1.27
log(%), [0.84, 1.70]) and trajectories of glucose, insulin and HOMA-IR were signifi-
cantly associated with hepatic fat content in men. Similarly, deterioration of glycaemia
as well as trajectories of glucose, insulin and HOMA-IR was significantly associated

with increased hepatic fat content in women (e.g. trajectory of fasting insulin: 0.63

Conclusions: Unfavourable 7-year trajectories of markers of glucose metabolism are
associated with increased hepatic fat content, particularly in women, whereas the as-
sociation with hepatic iron content was less clear. Monitoring changes of glycaemia in

the sub-diabetic range might enable early identification of hepatic iron overload and

diabetes, glucose, HbA1lc, hepatic fat, hepatic iron, insulin, NAFLD, sex, trajectories

Key points

Diabetes mellitus and non-alcoholic fatty liver disease fre-
quently co-exist. We show that not only cross-sectional
values but also the deterioration of glycaemic traits over
time are associated with higher values of hepatic fat
content in a sex-specific fashion. Moreover, our findings
demonstrate that trajectories of glucose metabolism are

related to hepatic iron content in men.

with higher T2D risk conferred by elevated ferritin levels in women
compared to men, have been reported.’®'* However, the link be-
tween hepatic iron as a major storage site of body iron and glucose
metabolism is less clear and again there is a lack of data regarding
sex-specific effects.

Quantitative data on hepatic iron and hepatic fat infiltration in
population-based studies are scarce. Most non-clinical studies de-
fine NAFLD based on ultrasound, which is an established validated
technique but cannot estimate hepatic iron content and does not
precisely quantify hepatic fat content. However, given the soci-
etal burden of NAFLD in the general population, it is crucial to
study risk factors and implications in a population-based setting.
Magnetic resonance imaging (MRI) is a non-invasive, radiation-
free, albeit costly modality to accurately assess hepatic iron and
fat content.®

With the present analysis, we aim to tackle some of the currently
open questions. In a sample from a population-based cohort, we
analyse the association of changes in glycaemia over time, as well as
the longitudinal trajectories of markers of glucose metabolism, with
MRI-derived hepatic iron and hepatic fat content separately for men

and women.
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2 | METHODS
21 | Studysample

We used data from two examination time points of a longitudi-
nal, population based cohort study from Southern Germany.
Details of the general setup of the Cooperative Health Research
in the Region of Augsburg (KORA) studies have been described
elsewhere.'® Our sample is based on N=400 individuals that un-
derwent whole-body MRI during the examination in 2013-2014
(KORA-FF4, total N=2279, defined as Exam 2 in the present
paper). The MRI sub-study aimed to evaluate subclinical cardio-
metabolic disease burden in individuals with impaired glucose
metabolism. Individuals with prevalent cardiovascular disease
(stroke, myocardial infarction, revascularization) or any contrain-
dications to MRI were excluded.!” For these N=400 individuals,
we used clinical data that was assessed during the examination
7 years prior in 2006-2007 (KORA F4, total N=3080, defined as
Exam 1 in the present paper).

All KORA studies are approved by the ethics committee of
the Bavarian Chamber of Physicians, and the MRI sub-study was
additionally approved by the ethics committee of the Ludwig-
Maximilians-University Munich. The study complies with the
Declaration of Helsinki, including written informed consent from all
participants. All participants underwent a standardized face-to-face
interview, a blood draw and a comprehensive physical examination

conducted by trained examiners at both examination time points.

2.2 | Outcome assessment

Participants underwent whole-body MRI performed on a 3 Tesla MRI
scanner (Magnetom Skyra; Siemens AGA, Siemens Healthineers,
Erlangen, Germany). Hepatic iron and fat content were obtained
in the left and right liver lobes using the high-speed T2-corrected
multi-echo sequence (HISTO).*® Iron was measured as relaxation
rate R2* in s}, and fat content was measured as mean proton den-
sity fat fraction in percent.)? For statistical analysis, we used the
arithmetic mean of left and right liver lobe as outcome. Mild hepatic
iron overload was defined as R2*>41s™1.}> Hepatic steatosis was
defined as proton density fat fraction >6.4%.%2° Hepatic outcomes
were available only at Exam 2.

2.3 | Exposure assessment

Markers of glucose metabolism included diabetes status,
Haemoglobin Alc (HbA1lc), fasting glucose, fasting insulin, ho-
meostasis model assessment of insulin resistance (HOMA-IR), 2-h
glucose and 2-h insulin. Glycaemia (normoglycaemia, prediabetes,
diabetes) was categorized based on prior physician diagnosis, or an
Oral Glucose Tolerance Test (OGTT) conducted during the study ex-
amination in persons without previous clinically diagnosed diabetes.
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According to World Health Organization criteria, normoglycaemia
was defined as fasting blood glucose concentration below 110 mg/dL
and 2-h glucose below 140 mg/dL. Impaired fasting glucose (fasting
glucose concentration between 110 and 125mg/dL) and impaired
glucose tolerance (2-h glucose between 140mg/dL and 200mg/
dL) were subsumed as prediabetes. Diabetes was newly diagnosed
when fasting glucose concentrations exceeded 125mg/dL and/or
2-h glucose concentrations exceeded 200mg/dL. HbAlc was meas-
ured by a turbidimetric inhibition immunoassay at Exam 1 and by a
cation-exchange high-performance liquid chromatographic assay at
Exam 2. HOMA-IR was calculated as (fasting insulin (mU/L)x fast-
ing glucose (mmol/L))/22.5. Glucose-lowering medication comprised
ATC codes A10.

Availability of measurements varied between exams and individ-
uals (Figure 1). Since OGTT was only performed in individuals with-
out prior known diabetes, 2-h glucose and insulin measurements
were not available for these participants. Moreover, 2-h insulin was
only measured in Exam 2. HOMA-IR was only calculated for individ-

uals who did not use glucose-lowering medication.

2.4 | Risk factors assessment

Body height and weight were measured by Seca's measuring system
(Seca GmbH&Co, KG) with accuracy of up to 0.1cm and 0.1kg, re-
spectively. Body-Mass-Index (BMI) was calculated as weight divided
by squared height (kg/m?). Waist circumference was measured at the
level midway between the lower ribs margin and the iliac crest.

Total cholesterol was measured by enzymatic colorimetric
assay.!

Blood pressure was measured with an OMRON type HEM-
705CP oscillometric device three times (3 min intervals) after partic-
ipants had rested in a seated position for at least five minutes. The
mean of the 2nd and 3rd measurements was used as the final value.
Hypertension was defined as systolic blood pressure 2140 mmHg
and/or diastolic blood pressure 290mmHg or intake of antihyper-
tensive medication under the awareness of having hypertension.

Medication intake, alcohol consumption and menopausal status
were self-reported in the medical interview. Women were catego-
rized into pre- and post-menopausal, as described in Maier et al.?t

Genotypes for selected SNPs previously reported to be associ-
ated with either hepatic fat content or iron markers, including vari-
ants in HFE and PNPLA3, were obtained with Affymetrix Axiom Chip
and subsequently imputed with HRC panel 1.1.%

2.5 | Statistical analysis

All analyses were stratified by sex. Continuous variables were de-
scribed as arithmetic mean and standard deviation for each exam.
Categorical variables were described as counts and percentages.
Changes between exams were quantified by paired t-test and
Cochran's Q test.
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N =365

KORA MRI sample
N =400
Withdrawn consent | Glycemic status: N =5
N=1 )
HbAlc: N =2
—— : N = 399 <
Missing in hepatic o Fasting glucose: N =5
iron or fat e =
N =14 g Fasting insulin: N =8
: 00
N =385 Z HOMA-IR: N = 37 *
No participation in é
Exam 1: < 2-h glucose: N = 37 **
N =20 ; —
Final sample 2-h insulin: N = 37

* Missing values in HOMA-IR due to glucose-lowering medication or missing in fasting glucose or insulin
** Missing values in 2-h glucose and 2-h insulin (OGTT) due to prior known diabetes diagnosis

FIGURE 1 Flowchart of the KORA MRI study sample.

Trajectories of markers of glucose metabolism across exams
were visualized by line plots. Correlations between markers of glu-
cose metabolism and hepatic iron or fat content were visualized by
scatter plots and quantified by Spearman's Rho correlation coeffi-
cient and corresponding p-value. Distribution of hepatic iron and fat
content according to change in diabetes status between both exams
were visualized by boxplots and quantified by t-test. Variation of he-
patic iron and fat content according to genotypes at selected SNPs
were visualized by boxplots for the whole sample.

To assess the association of changes in glycaemia between
exams with outcomes hepatic iron and fat content, we used a linear
regression model adjusted for (1) age at Exam 1, (2) age, BMI and
alcohol consumption at Exam 1. Individuals with sustained normo-
glycaemia served as the reference group. As sensitivity analyses,
models were adjusted for WC instead of BMI and for women, mod-
els were additionally adjusted for menopausal status. To assess the
association of trajectories of glucose metabolism markers between
exams with the outcomes, we used a two-step multilevel model.??
In step one, individual trajectories of every marker were calculated
by a linear mixed model with random slope, representing estimated
individual variations from the population rate of change for each
marker. In this model, also changes in use of glucose-lowering med-
ication were included, where applicable. In step two, the recorded
trajectories from step one were standardized and entered into a
linear model, with the adjustments outlined above plus the stan-
dardized value of the respective marker at Exam 1. For the marker
2-h insulin that was only available at Exam 2, a linear regression
model with the adjustments outlined above was used.

For all regression models, the outcome hepatic fat content was
log-transformed due to skewness. Results were reported as beta

coefficients with corresponding 95% confidence intervals (Cl) and
p-value. p-values less than .05 were considered to denote statistical
significance.

Statistical analyses were performed using R version 3.6.1.

3 | RESULTS
3.1 | Studysample

Of the original 400 participants of the KORA-MRI study, one indi-
vidual was excluded because they retroactively withdrew the con-
sent for data usage. Further 14 individuals were excluded because
of missing MRI data due to imaging artefacts or insufficient image
quality. Further 20 individuals were excluded because they did not
participate in Exam 1 (Figure 1). Thus, the final sample consisted
of N=365 individuals, thereof 215 (58.9%) men and 150 (41.1%)
women.

Mean age at Exam 2 was 56.3years (standard deviation (SD)
9.4years) for men and 56.6years (9.1years) for women (Table 1).
Among cardiometabolic risk factors, waist circumference increased
significantly between the exams in both sexes, whereas BMI, blood
pressure and cholesterol levels did not increase significantly. In men,
mean hepatic iron content was 41.8s7! (4.9s™%) and mean hepatic fat
content 10.7% (8.9%) at Exam 2, while n=83 (38.6%) had both he-
patic iron overload and steatosis. In women, mean iron content was
39.1571 (4.05™Y) and mean fat content was 6.5% (6.3%), while n=22
(14.7%) had both iron overload and steatosis, respectively. Hepatic
iron and fat content varied according to genotype at selected SNPs
(Figures S1 and S2).
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TABLE 1 Characteristics of the participants at both exams.
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Men Women
Exam 1 Exam 2 p-value Exam 1 Exam 2 p-value
n 215 215 150 150
Risk factors
Age [years] 49.3 (9.4) 56.3 (9.4) 49.6 (9.1) 56.6 (9.1)
BMI [kg/m?] 27.7 (4.0) 28.4 (4.5) .086 27.0(5.0) 27.7 (5.5) .255
Waist circumference [cm] 98.9 (11.0) 103.4 (12.6) <.001 87.1 (13.0) 92.0(14.1) .002
Total cholesterol [mg/dL] 213.6 (36.3) 217.6 (37.8) 264 217.2 (38.7) 218.9 (34.4) .687
HDL cholesterol [mg/dL] 48.7 (11.3) 56.0(15.1) <.001 61.2 (13.9) 70.9 (17.5) <.001
LDL cholesterol [mg/dL] 139.2 (31.6) 142.2 (33.6) .342 135.5(36.3) 135.9 (32.0) 919
Triglycerides [mg/dL] 147.5 (101.2) 152.5(101.5) .608 96.9 (55.7) 102.3 (46.7) .365
Systolic blood pressure [mmHg] 125.6 (15.2) 125.9 (16.2) .868 114.7 (15.6) 113.6 (14.6) .539
Diastolic blood pressure [mmHg] 78.4 (9.3) 77.7 (10.5) 464 73.9 (9.0) 72.3 (8.5) A1
Hypertension 61 (28.4%) 82 (38.1%) .041 34 (22.7%) 44 (29.3%) .236
Alcohol consumption [g/day] 25.4 (27.4) 25.9 (26.9) .835 8.2 (13.0) 8.5(14.3) .839
Postmenopausal 54 (36.0%) 88 (58.7%) <.001
Medication
Antihypertensive 29 (13.5%) 51(23.7%) .009 26 (17.3%) 42 (28.0%) .039
Lipid-lowering 19 (8.8%) 21(9.8%) .868 7 (4.7%) 17 (11.3%) .055
Glucose-lowering 7 (3.3%) 18 (8.4%) .039 4(2.7%) 12 (8.0%) .072
Markers of glucose metabolism
Diabetes <.001 246
Normoglycaemia 157 (74.1%) 119 (55.3%) 116 (78.4%) 105 (70.0%)
Prediabetes 39 (18.4%) 59 (27.4%) 23 (15.5%) 31 (20.7%)
Diabetes 16 (7.5%) 37 (17.2%) 9 (6.1%) 14 (9.3%)
HbA1c [%] 5.5(0.6) 5.6 (0.8) .209 5.5(0.5) 5.6 (0.6) .043
Fasting glucose [mg/dL] 101.1 (19.3) 107.9 (25.4) .002 93.4 (14.8) 99.7 (18.7) .002
Fasting insulin [pU/mL] 11.2(7.1) 12.3(8.6) .143 10.0 (6.5) 9.9 (5.8) .889
HOMA-IR? 2.8(2.0) 3.2(2.5) .093 2.4(1.9) 2.4 (1.6) .88
2-h glucose [mg/dL]* 110.3(33.9) 118.4 (45.5) .047 106.9 (37.1) 106.5 (35.3) 916
2-h insulin [pU/mL]? 72.9 (79.4) 58.1(48.1)
MRI derived liver values
Hepatic iron content [s™] 41.8 (4.9) 39.1(4.0)
Hepatic fat content [%] 10.7 (8.9) 6.5(6.3)
No iron overload + no steatosis 52 (24.2%) 85 (56.7%)
Iron overload (no steatosis) 40 (18.6%) 19 (12.7%)
Steatosis (no iron overload) 40 (18.6%) 24 (16.0%)
Iron overload + steatosis 83 (38.6%) 22 (14.7%)

Note: Continuous variables are described as arithmetic mean and standard deviation. Categorical variables are described as counts and percentages.
Changes between exams were quantified by paired t-test and Cochran's Q test, respectively.

2Only available in participants without established diabetes, for sample sizes see Figure 1.

3.2 | Trajectories of glycaemia and of markers of
glucose metabolism

Between exams, 67.4% of men and 78.3% of women maintained their
glycaemia state (Table S1). Prevalence of diabetes at Exam 2 was 17.2%
in men and 9.3% in women. The majority of men (51.9%) remained

normoglycaemic, whereas 19.8% had incident prediabetes and 7.1%
progressed from prediabetes to diabetes between exams. In women,
the majority remained normoglycaemic (65.5%), whereas 12.8% had
incident prediabetes and 4.1% progressed to diabetes (Table S1).

Mean fasting glucose, fastinginsulin, HOMA-IR and 2-h glucose
increased in men (e.g. fasting glucose: 101.1 mg/dL (19.3 mg/dL)
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in Exam 1 to 107.9 mg/dL (25.4 mg/dL) in Exam 2), whereas mean in Exam 1 to 9.9 pU/ml (5.8 pU/ml) in Exam 2). There were how-

trajectories of fasting insulin, HOMA-IR and 2-h glucose remained ever substantial differences in trajectories according to glycaemia
stable in women (e.g. fasting insulin 10.0 pU/ml (6.5 pU/ml) at Exam 2 (Figure 2). In particular, HOMAR-IR and fasting insulin
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FIGURE 2 Change in mean levels of markers of glucose metabolism from Exam 1 to Exam 2 in the total population and stratified by
glycaemia at Exam 2. 2-h insulin was only measured in Exam 2 and is thus not shown.
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decreased in women with diabetes, which we did not observe in

men.

3.3 | Correlation of glucose metabolism with
hepatic iron and fat content

Markers of glucose metabolism were correlated with hepatic iron
and fat content to varying degrees (Figures 3 and 4, Table S2).
Generally, correlations with hepatic fat content were stronger
than correlations with hepatic iron content, and correlations were
stronger for glycaemic traits measured at Exam 2 (concurrent to
the assessment of iron and fat content) compared to Exam 1. For
both iron and fat, correlations were generally stronger in women
than in men.

In men, HbA1c values at both exams were negatively correlated
with hepatic iron content (R Exam 1=-0.14, p=.037). Fasting glu-
cose was not significantly correlated with iron, in contrast to 2-h glu-
cose (RExam 1=0.17, p=.016). Fasting and 2-h insulin and HOMA-IR
were significantly correlated with hepatic iron content only for the
values measured at Exam 2. All markers at both exams were signifi-
cantly positively correlated with hepatic fat content, with the stron-
gest correlation for HOMA-IR measured at Exam 2 (R Exam 2=0.65,
p<.001) (Figure 3, Table S2).

60 'y 60 Y
A T
c 50 ‘= 50
2 2
2 .0 £ 404
© ®
a v a
2 2
304 o 30
'y €
20 4 20 4
T T T T T T
0 5 10 0 100 200 300
HbA1c [%] Fasting glucose [mg/dL]
60 4 60 4
) o
c 501 c
° o
L 40 L
® ®
o Q.
() ()
T T
] 'y
20 4 20 4
T T T T T T T
0 20 40 0 5 10 15
Fasting insulin [uU/mL] HOMA-IR
60 4 60 A
‘—‘(I) TU)
c 50 = 50
8 8 4
2 40 2 40 = A
® ®
oy oy A
T 30 T 30 A
? A
20 4 20 4
T T T T T T T T
0 100 200 300 0 200 400 600
2-h glucose [mg/dL] 2-hinsulin [uU/mL]

Exam 1

i 2159
|N'|'IE¥I$OrNAL Wl LEY

In women, HbA1c values at both exams were positively cor-
related with hepatic iron content (R Exam 1=0.20, p=.012).
Similarly, fasting glucose, fasting insulin and HOMA-IR, as well as
2-h glucose and 2-h insulin measured at Exam 2, were positively cor-
related with hepatic iron content. All markers at both exams were
significantly positively correlated with hepatic fat content with the
strongest correlation for HOMA-IR measured at Exam 2 (R Exam
2=0.70, p<.001) (Figure 4, Table S2).

3.4 | Association of changes in glycaemia with
hepatic iron and fat content

At Exam 2, hepatic iron content was highest in men with prediabe-
tes: 43.257 1 (4.45™Y), compared to men with normoglycaemia (41.2s™*
(4.6s™) and diabetes (41.657* (5.857%). Men with incident prediabe-
tes and men with sustained prediabetes had comparable values of
hepatic iron content. In contrast, men who progressed from predia-
betes to diabetes had higher values compared to men with sustained
diabetes (43.0s™ (7.55™) vs. 40.657* (4.3s™), Figure 5). Compared
to men with stable normoglycaemia, incident prediabetes was as-
sociated with an increase of 2.21s™* (CI [0.47, 3.95]) in hepatic iron
content after adjustment for age, BMI and alcohol consumption
(Table 2).
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FIGURE 3 Correlation of markers of glucose metabolism with hepatic iron (A) and fat content (B) at Exam 1 and Exam 2 in men. R denotes

Spearman's Rho.
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Hepatic fat content was highest in men with diabetes: 17.4%
(9.0%) as compared to men with normoglycaemia (7.0% (6.4%)) and
prediabetes (14.2% (9.3%)). Men who had incident diabetes, or pro-
gressed from prediabetes to diabetes, had higher values compared
to men with sustained diabetes (19.8% (8.4%) vs. 13.8% (7.3%),
Figure 5). After adjustment, effect estimates were largest for pro-
gression from prediabetes to diabetes (1.03 log(%), Cl (0.63, 1.43)),
compared to those with sustained normoglycaemia (Table 2).

In women, hepatic iron content was highest for those with di-
abetes: 41.05 (4.75™Y) compared to women with normoglycaemia
(38.7s (3.857Y) and prediabetes (39.857! (4.357%). Women who
progressed from prediabetes to diabetes had higher hepatic iron
content values than those with sustained diabetes (41.8s™ (6.857%)
vs. 40457t (2.657Y), Figure 5). However, after adjustment for age,
BMI and alcohol, there were no significant associations of change in
glycaemia with hepatic iron content (Table 2).

Hepatic fat content was also highest in women with diabetes:
14.8% (10.8%), compared to women with normoglycaemia 4.2%
(3.7%) and prediabetes (10.3% (6.1%)). Women with sustained diabe-
tes had higher values of hepatic fat than those who progressed from
prediabetes to diabetes (10.6% (11.2%) vs. 17.9% (10.0%), Figure 5).
Sustained diabetes had the largest effect estimate for increased
hepatic fat (0.88 log(%), Cl [0.38, 1.38], Table 2). Additional adjust-
ment for menopausal status did not substantially affect the results
(Table S3).

In sensitivity analyses, adjustment for WC instead of BMI did not

alter the associations in men and women (Table S5).

3.5 | Association of trajectories of glucose
metabolism with hepatic iron and fat content

For men, trajectories of fasting insulin were tentatively associated
with hepatic iron content (beta=1.48, Cl: [-0.02, 2.98]), while tra-
jectories of 2-h glucose were significantly associated with hepatic
iron content (beta=1.27, Cl: [0.12, 2.42], Table 3). Trajectories of
fasting glucose, fasting insulin, HOMA-IR and 2-h glucose were sig-
nificantly associated with hepatic fat content (Table 3), with simi-
lar effect sizes for fasting insulin, HOMA-IR and 2-h glucose (0.51,
0.51, 0.52 log(%), respectively). Cross-sectional 2-h insulin showed
a significant association with hepatic fat content (0.31 log(%), Cl:
[0.20, 0.42]).

For women, trajectories of fasting glucose were associated
with hepatic iron content when adjusted for age only, however,
the association attenuated after further adjustment (Table 3). No
further marker trajectories were associated with hepatic iron con-
tent. Trajectories of fasting glucose, fasting insulin and HOMA-IR
were significantly associated with hepatic fat content (Table 3), with
the strongest effect sizes for fasting insulin (0.63 log(%), Cl: [0.36,
0.90]). Trajectories of 2-h glucose were only associated with hepatic
fat content when adjusted for age, but the attenuated after further
adjustment (0.21 log(%), Cl: [-0.02, 0.44]). Cross-sectional 2-h insu-
lin showed a significant association with hepatic fat content (0.33

log(%), Cl: [0.21, 0.46]). Additional adjustment for menopausal status
did not substantially affect the results (Table S4).

Results of two-step modelling remained similar after adjusting
for WC instead of BMI in men and women (Table S6 and S7).

4 | DISCUSSION

We investigated longitudinal trajectories of a large panel of mark-
ers related to glucose metabolism, insulin resistance and diabetes
along with MRI-derived parameters of hepatic iron and fat content
in a sample from a population-based cohort. Our findings support a
sex-specific association between dynamics of glucose metabolism
and accumulation of fat and iron in the liver. Our main findings are
threefold. First, trajectories of glycaemia were associated with he-
patic iron and fat beyond cross-sectional associations. Second, asso-
ciations between trajectories of markers of glucose metabolism and
hepatic outcomes were stronger for hepatic fat than for hepatic iron
content. Third, associations of continuous marker trajectories with
hepatic fat content were stronger in women than in men.

Our findings are partly in line with a large population-based
study on incident NAFLD diagnosed by abdominal ultrasound. Wang
et al. found that changes in glycaemic traits conferred a higher risk
for incident NAFLD than baseline values of glycaemic measures:
For example, the risk ratio for the highest quartile of baseline 2-h
glucose was 1.85 (Cl: 1.43-2.40), whereas the risk ratio for changes
from normal to impaired 2 h-glucose was 2.05 (1.71-2.45), and even
higher for changes to the diabetic range.?® Unfortunately, Wang et al.
do not report sex-stratified effect estimates. A potential pathway
linking glycaemia to increased hepatic fat content is oxidative stress
induced by impaired hepatic mitochondrial capacity.?* Moreover, in
the large population-based SHIP study, Naeem et al. showed asso-
ciations of MRI-derived hepatic iron content with 2-h glucose lev-
els in participants without established T2D.?°> Our current results
corroborate these findings and underscore the importance of taking
dynamics of glucose metabolism into account for the risk estimation
of excess hepatic fat content and iron.

In our sample, women had on average lower values of hepatic
fat, less steatosis and less iron overload, which is in line with current
knowledge about sex disparities in NAFLD prevalence.” However,
we found stronger correlations of glucose markers with iron and
fat content for women. Although NAFLD prevalence is lower in
women, women are at a higher risk of progression to more severe
disease states and advanced fibrosis,?® which might be due to the
loss of oestrogen and its anti-fibrotic effect during menopause.
Furthermore, oestrogen promotes a favourable body composition
pattern with a mainly gluteal and femoral distribution of adipose
tissue. In contrast, the loss of oestrogen induces a shift to the accu-
mulation of visceral adipose tissue, which is the major source of free
fatty acids promoting NAFLD progression. We also note that in our
analysis, effect estimates attenuated more strongly for women after
adjustment for BMI. We have previously shown that hepatic iron
content is associated with visceral fat in women but not in men.?
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Data from the current analysis showed a stronger correlation of BMI
with liver iron in women (r=0.25) than in men (r=0), indicating body
composition pattern and hepatic iron content are more closely con-
nected in women. Interestingly, we observed that HOMAR-IR and
fasting insulin decreased in women with diabetes, which we did not
observe in men. This could be explained by the increased number
of postmenopausal women and the increased number of glucose-
lowering medications.

We found no association of trajectories of HbAlc with hepatic
iron or fat content. Hb1Ac is a glycosylated protein stemming from
the interaction of glucose and haemoglobin and is a measure of av-
erage blood glucose levels in the preceding 2-3months. Wang et al.
reported changes in HbAlc levels to be associated with incident
NAFLD,? whereas a recent study using cross-sectional NHANES
data reported an association of HbAlc measurements with prevalent
NALFD in individuals without diabetes only in participants with BMI
>30kg/m?.2” This again indicates a possible modulating role of body
composition in the association of HbA1c and hepatic phenotypes.

In women, diabetes confers a higher risk for cardiovascular dis-
eases (CVD) and CVD mortality compared to men.?® This excess
risk cannot be explained by underlying traditional confounders®®
and cannot be captured by HbAlc measurements alone.?’ In our
analysis, we found a similar pattern in the association of diabetes-
related markers and hepatic phenotypes, so one could hypothe-
size that hepatic steatosis and iron overload might modulate the
excess CVD risk in women with diabetes. Excess hepatic lipogene-
sis leads to secretion of very low-density lipoproteins that induce
triglyceride accumulation in other peripheral tissues. Moreover,
increased hepatic triglyceride accumulation is accompanied by
chronic inflammation, promoting vascular inflammation and vaso-
constriction. Current evidence on the independent association of
NAFLD with CVD beyond shared risk factors is inconclusive,®° but
a recent study by Pafili et al found a potential mediator role of
visceral adipose tissue in the development of NAFLD.?! In obese
patients with NAFLD, mitochondrial respiration in visceral adipose
tissue was downregulated compared with obese subjects without
NAFLD. In addition, they observed a link of lower insulin sensi-
tivity in adipose tissue and impaired VAT respiration.3! Further
studies are needed that analyse the potentially mediating effect
of hepatic phenotypes on the association of diabetes with CVD
in women.

The causal, bi-directional, association between diabetes and
NAFLD has already been established.® Since imaging data was only
available at the last examination time point in our study, we cannot
derive the temporal sequence of deterioration of glycaemia and
accumulation of hepatic iron and fat. We observed substantially
higher values of hepatic fat in men who progressed to diabetes
compared to those with sustained diabetes, indicating that the dy-
namics of glucose metabolism might exacerbate existing or induce
new accumulation of hepatic adipose tissue. However, it would
also be possible that individuals with prevalent diabetes already
underwent treatment, counselling, or have implemented lifestyle
changes to monitor their risk factors more closely, which would

lead to decreased NAFLD risk. Moreover, for men, incident predia-
betes was associated with higher hepatic iron content whereas for
women, there was no clear association of deteriorating glycaemia
with hepatic iron content. There was no significant association of
any marker trajectory with hepatic iron content in women. This
again underlines that in women factors like body composition
and menopausal status might influence the association between
diabetes and iron metabolism to a different extent than in men.
Regarding causality, there are currently no Mendelian randomiza-
tion studies on the causal relation between hepatic iron content
and glycaemia.

Strengths of our study include the use of a well-characterized
sample from a population-based study with a large panel of glu-
cose metabolism markers available. Exposure and outcome data
were derived by OGTT and MRI, respectively, which are considered
gold standards for these measures. Within the longitudinal setup,
the availability of two time points allowed us to investigate incident
diabetes and prediabetes as well as marker trajectories. However,
our study also has limitations. Most prominently, the MRI-derived
outcomes were only available at one time point which prevented us
from establishing bi-directional longitudinal associations. Moreover,
sample sizes are insufficient for more complex analyses, including
further stratification, e.g. according to genotype at relevant SNPs or
menopausal status.

5 | CONCLUSION

In conclusion, unfavourable longitudinal trajectories of markers of
glucose metabolism are associated with increased hepatic fat con-
tent. Associations with hepatic iron content are more complex and
deserve further investigation regarding the role of body composition
and menopause.

Monitoring trajectories of glycaemia in the sub-diabetic range,
particularly in women, might enable the early detection of unfavour-
able liver phenotypes and vice versa.

AUTHOR CONTRIBUTIONS

Conceptualization: Susanne Rospleszcz; Methodology: Fiona
Niedermayer, Susanne Rospleszcz; Formal analysis: Fiona
Niedermayer, Yaqi Su, Susanne Rospleszcz; Resources: Ricarda von
Krichten, Barbara Thorand, Annette Peters, Wolfgang Rathmann,
Michael Roden, Christopher L. Schlett, Fabian Bamberg, Johanna
Nattenmdiller; Data Curation: Fiona Niedermayer, Yagi Su, Ricarda
von Kriichten, Barbara Thorand, Annette Peters, Wolfgang
Rathmann, Michael Roden, Christopher L. Schlett, Fabian Bamberg,
Johanna Nattenmdiiller, Susanne Rospleszcz; Writing—Original Draft:
Fiona Niedermayer, Yagi Su, Susanne Rospleszcz; Writing—Review &
Editing: Fiona Niedermayer, Yagi Su, Ricarda von Kriichten, Barbara
Thorand, Annette Peters, Wolfgang Rathmann, Michael Roden,
Christopher L. Schlett, Fabian Bamberg, Johanna Nattenmiiller,
Susanne Rospleszcz; Visualization: Fiona Niedermayer; Supervision:
Susanne Rospleszcz; Funding acquisition: Barbara Thorand, Annette

85U8017 SUOLILLIOD BATE8.D 3dedl|dde ay) Aq peusenob 8. s9joile O ‘@SN Jo se|ni Joj Afelq1 8UIUQ A8]IM UO (SUORIPUOD-PUR-SWLB)AL0D" A3 1M Ae.q| 18U [UO//SANY) SUORIPUOD PUe SWB | 8L 88S *[£202/0T/LT] U0 Akeid18uluo 48| ‘Auewie aueiyooD Aq GE9ST AlITTTT OT/I0p/W0D A8 im Al jpuljuo//Sdny Wwolj pepeojumoq ‘0T ‘€202 ‘TEZE8LYT



NIEDERMAYER ET AL.

Peters, Wolfgang Rathmann, Michael Roden, Christopher L. Schlett,
Fabian Bamberg.

ACKNOWLEDGEMENTS

We thank all participants for their long-term commitment to the
KORA study, the staff for data collection and research data man-
agement and the members of the KORA Study Group (https://www.
helmholtz-munich.de/en/epi/cohort/kora) who are responsible for
the design and conduct of the study. Open Access funding enabled
and organized by Projekt DEAL.

FUNDING INFORMATION

The KORA study was initiated and financed by the Helmholtz
Zentrum Miinchen-German Research Center for Environmental
Health, which is funded by the German Federal Ministry of Education
and Research (BMBF) and the state of Bavaria. Data collection in the
KORA study is done in cooperation with the University Hospital of
Augsburg. Furthermore, KORA research was supported within the
Munich Center of Health Sciences (MC-Health), Ludwig-Maximilians-
Universitat, as part of LMUinnovativ. The KORA MRI sub-study re-
ceived funding by the German Research Foundation (DFG, Deutsche
Forschungsgemeinschaft, BA 4233/4-1), the Centre for Diabetes
Research (DZD e.V., Neuherberg, Germany) and the German Centre
for Cardiovascular Disease Research (Berlin, Germany, grants
81X2600209 and 81X2600214). The KORA-MRI sub-study was sup-
ported by an unrestricted research grant from Siemens Healthcare.
The funders had no role in the study design, data collection and anal-

ysis, decision to publish, or preparation of the manuscript.

CONFLICT OF INTEREST STATEMENT

The authors declare no competing interests.

DATA AVAILABILITY STATEMENT

The informed consent given by KORA study participants does not
cover data posting in public databases. However, data are available
upon request by means of a project agreement. Requests should be
sent to kora.passt@helmholtz-muenchen.de and are subject to ap-
proval by the KORA Board.

ETHICS APPROVAL AND CONSENT TO PARTICIPATE

The study was approved by the ethics committee of Ludwig-
Maximilians-University Munich (498-12) and the Bavarian Chamber
of Physicians (FF4: EC No. 06068) and was performed according to

the Declaration of Helsinki.

ORCID
Michael Roden

Susanne Rospleszcz

https://orcid.org/0000-0001-8200-6382
https://orcid.org/0000-0002-4788-2341

REFERENCES

1. Friedman SL, Neuschwander-Tetri BA, Rinella M, Sanyal AJ.
Mechanisms of NAFLD development and therapeutic strategies.
Nat Med. 2018;24(7):908-922. d0i:10.1038/s41591-018-0104-9

10.

11.

12.

13.

14.

15.

16.

17.

i 2165
|N'|'IE¥I$OrNAL W l L EY

Roden M, Shulman GI. The integrative biology of type 2 diabetes.
Nature. 2019;576(7785):51-60. d0i:10.1038/s41586-019-1797-8
Younossi ZM, Golabi P, de Avila L, et al. The global epidemiology
of NAFLD and NASH in patients with type 2 diabetes: a system-
atic review and meta-analysis. J Hepatol. 2019;71(4):793-801.
doi:10.1016/j.jhep.2019.06.021

Mantovani A, Petracca G, Beatrice G, Tilg H, Byrne CD, Targher G.
Non-alcoholic fatty liver disease and risk of incident diabetes mel-
litus: an updated meta-analysis of 501 022 adult individuals. Gut.
2021;70(5):962-969. doi:10.1136/gutjnl-2020-322572

Liu Z, Zhang Y, Graham S, et al. Causal relationships between
NAFLD, T2D and obesity have implications for disease subpheno-
typing. J Hepatol. 2020;73(2):263-276. d0i:10.1016/j.jhep.2020.
03.006

Alexander M, Loomis AK, van der Lei J, et al. Risks and clinical
predictors of cirrhosis and hepatocellular carcinoma diagno-
ses in adults with diagnosed NAFLD: real-world study of 18 mil-
lion patients in four European cohorts. BMC Med. 2019;17(1):95.
doi:10.1186/512916-019-1321-x

Musto J, Spengler EK, German MN. Sexual dimorphisms in non-
alcoholic fatty liver disease. Curr Hepatol Rep. 2021;20(4):97-107.
doi:10.1007/s11901-021-00568-8

Imajo K, Kessoku T, Honda Y, et al. MRI-based quantitative R2(*)
mapping at 3 tesla reflects hepatic iron overload and pathogenesis
in nonalcoholic fatty liver disease patients. J Magn Reson Imaging.
2022;55(1):111-125. doi:10.1002/jmri.27810

Tsurusaki S, Tsuchiya Y, Koumura T, et al. Hepatic ferroptosis plays
an important role as the trigger for initiating inflammation in nonal-
coholic steatohepatitis. Cell Death Dis. 2019;10(6):449. doi:10.1038/
s41419-019-1678-y

Czaja AJ. Review article: iron disturbances in chronic liver diseases
other than haemochromatosis—pathogenic, prognostic, and ther-
apeutic implications. Aliment Pharmacol Ther. 2019;49(6):681-701.
doi:10.1111/apt.15173

He H, Liao S, Zeng Y, Liang L, Chen J, Tao C. Causal relationships
between metabolic-associated fatty liver disease and iron status:
two-sample Mendelian randomization. Liver Int. 2022;42:2759-
2768. doi:10.1111/liv.15455

Orban E, Schwab S, Thorand B, Huth C. Association of iron indi-
ces and type 2 diabetes: a meta-analysis of observational studies.
Diabetes Metab Res Rev. 2014;30(5):372-394. doi:10.1002/dmrr.2
506

Jiang L, Wang K, Lo K, et al. Sex-specific association of circulat-
ing ferritin level and risk of type 2 diabetes: a dose-response
meta-analysis of prospective studies. J Clin Endocrinol Metab.
2019;104(10):4539-4551. doi:10.1210/jc.2019-00495

Pitchika A, Kiihn JP, Schipf S, et al. Hepatic steatosis and hepatic
iron overload modify the association of iron markers with glu-
cose metabolism disorders and metabolic syndrome. Liver Int.
2021;41(8):1841-1852. d0i:10.1111/l1iv.14868

Kihn JP, Meffert P, Heske C, et al. Prevalence of fatty liver disease
and hepatic iron overload in a northeastern German population by
using quantitative MR imaging. Radiology. 2017;284(3):706-716.
doi:10.1148/radiol.2017161228

Holle R, Happich M, Lowel H, Wichmann HE, Group MKS.
KORA—a research platform for population based health research.
Gesundheitswesen. 2005;67(Suppl 1):519-S25. doi:10.1055/s-2005-8
58235

Bamberg F, Hetterich H, Rospleszcz S, et al. Subclinical disease bur-
den as assessed by whole-body MRI in subjects with prediabetes,
subjects with diabetes, and normal control subjects from the gen-
eral population: the KORA-MRI study. Diabetes. 2017;66(1):158-
169. doi:10.2337/db16-0630

Hetterich H, Bayerl C, Peters A, et al. Feasibility of a three-step
magnetic resonance imaging approach for the assessment of

85U8017 SUOLILLIOD BATE8.D 3dedl|dde ay) Aq peusenob 8. s9joile O ‘@SN Jo se|ni Joj Afelq1 8UIUQ A8]IM UO (SUORIPUOD-PUR-SWLB)AL0D" A3 1M Ae.q| 18U [UO//SANY) SUORIPUOD PUe SWB | 8L 88S *[£202/0T/LT] U0 Akeid18uluo 48| ‘Auewie aueiyooD Aq GE9ST AlITTTT OT/I0p/W0D A8 im Al jpuljuo//Sdny Wwolj pepeojumoq ‘0T ‘€202 ‘TEZE8LYT


https://www.helmholtz-munich.de/en/epi/cohort/kora
https://www.helmholtz-munich.de/en/epi/cohort/kora
mailto:kora.passt@helmholtz-muenchen.de
https://orcid.org/0000-0001-8200-6382
https://orcid.org/0000-0001-8200-6382
https://orcid.org/0000-0002-4788-2341
https://orcid.org/0000-0002-4788-2341
https://doi.org//10.1038/s41591-018-0104-9
https://doi.org//10.1038/s41586-019-1797-8
https://doi.org//10.1016/j.jhep.2019.06.021
https://doi.org//10.1136/gutjnl-2020-322572
https://doi.org//10.1016/j.jhep.2020.03.006
https://doi.org//10.1016/j.jhep.2020.03.006
https://doi.org//10.1186/s12916-019-1321-x
https://doi.org//10.1007/s11901-021-00568-8
https://doi.org//10.1002/jmri.27810
https://doi.org//10.1038/s41419-019-1678-y
https://doi.org//10.1038/s41419-019-1678-y
https://doi.org//10.1111/apt.15173
https://doi.org//10.1111/liv.15455
https://doi.org//10.1002/dmrr.2506
https://doi.org//10.1002/dmrr.2506
https://doi.org//10.1210/jc.2019-00495
https://doi.org//10.1111/liv.14868
https://doi.org//10.1148/radiol.2017161228
https://doi.org//10.1055/s-2005-858235
https://doi.org//10.1055/s-2005-858235
https://doi.org//10.2337/db16-0630

WILEY-{IN{I

19.

20.

21.

22.
23.

24,

25.

26.

27.

NIEDERMAYER ET AL.

hepatic steatosis in an asymptomatic study population. Eur Radiol.
2016;26(6):1895-1904. doi:10.1007/s00330-015-3966-y

Filler J, von Kriichten R, Wawro N, et al. Association of habitual
dietary intake with liver iron-a population-based imaging study.
Nutrients. 2021;14(1):132. doi:10.3390/nu14010132

Tang A, Desai A, Hamilton G, et al. Accuracy of MR imaging-
estimated proton density fat fraction for classification of dichoto-
mized histologic steatosis grades in nonalcoholic fatty liver disease.
Radiology. 2015;274(2):416-425. doi:10.1148/radiol.14140754
Maier L, von Kriichten R, Lorbeer R, et al. Distribution and asso-
ciated factors of hepatic iron—a population-based imaging study.
Metabolites. 2021;11(12):871. doi:10.3390/metabo11120871

Gadd SC, Tennant PWG, Heppenstall AJ, Boehnke JR, Gilthorpe
MS. Analysing trajectories of a longitudinal exposure: a causal
perspective on common methods in lifecourse research. PLoS One.
2019;14(12):e0225217. doi:10.1371/journal.pone.0225217

Wang B, Li M, Zhao Z, et al. Glycemic measures and develop-
ment and resolution of nonalcoholic fatty liver disease in nondia-
betic individuals. J Clin Endocrinol Metab. 2020;105(5):1416-1426.
doi:10.1210/clinem/dgaal12

Gancheva S, Kahl S, Pesta D, et al. Impaired hepatic mitochondrial
capacity in nonalcoholic steatohepatitis associated with type 2 dia-
betes. Diabetes Care. 2022;45(4):928-937. doi:10.2337/dc21-1758
Naeem M, Schipf S, Bulow R, et al. Association between hepatic
iron overload assessed by magnetic resonance imaging and glucose
intolerance states in the general population. Nutr Metab Cardiovasc
Dis. 2022;32(6):1470-1476. doi:10.1016/j.numecd.2022.02.013
Balakrishnan M, Patel P, Dunn-Valadez S, et al. Women have a
lower risk of nonalcoholic fatty liver disease but a higher risk
of progression vs men: a systematic review and meta-analysis.
Clin Gastroenterol Hepatol. 2021;19(1):61-71 e15. doi:10.1016/j.
cgh.2020.04.067

Xie Y, Kong W, Wang X, Wu Z. Association of glycated hemoglo-
bin with non-alcoholic fatty liver disease patients and the severity
of liver steatosis and fibrosis measured by transient elastography

28.

29.

30.

31.

in adults without diabetes. BMC Endocr Disord. 2022;22(1):220.
doi:10.1186/512902-022-01134-z

Gnatiuc L, Herrington WG, Halsey J, et al. Sex-specific relevance of
diabetes to occlusive vascular and other mortality: a collaborative
meta-analysis of individual data from 980 793 adults from 68 pro-
spective studies. Lancet Diabetes Endocrinol. 2018;6(7):538-546.
doi:10.1016/s2213-8587(18)30079-2

de Jong M, Woodward M, Peters SAE. Diabetes, glycated hemo-
globin, and the risk of myocardial infarction in women and men:
a prospective cohort study of the UK Biobank. Diabetes Care.
2020;43(9):2050-2059. doi:10.2337/dc19-2363

Wu S, Wu F, Ding Y, Hou J, Bi J, Zhang Z. Association of non-alcoholic
fatty liver disease with major adverse cardiovascular events: a system-
atic review and meta-analysis. Sci Rep. 2016;6:33386. doi:10.1038/
srep33386

Pafili K, Kahl S, Mastrototaro L, et al. Mitochondrial respiration is
decreased in visceral but not subcutaneous adipose tissue in obese
individuals with fatty liver disease. J Hepatol. 2022;77(6):1504-
1514. doi:10.1016/j.jhep.2022.08.010

SUPPORTING INFORMATION

Additional supporting information can be found online in the

Supporting Information section at the end of this article.

How to cite this article: Niedermayer F, Su Y, von Kriichten R,
et al. Trajectories of glycaemic traits exhibit sex-specific
associations with hepatic iron and fat content: Results from
the KORA-MRI study. Liver Int. 2023;43:2153-2166.
doi:10.1111/1iv.15635

85U8017 SUOLILLIOD BATE8.D 3dedl|dde ay) Aq peusenob 8. s9joile O ‘@SN Jo se|ni Joj Afelq1 8UIUQ A8]IM UO (SUORIPUOD-PUR-SWLB)AL0D" A3 1M Ae.q| 18U [UO//SANY) SUORIPUOD PUe SWB | 8L 88S *[£202/0T/LT] U0 Akeid18uluo 48| ‘Auewie aueiyooD Aq GE9ST AlITTTT OT/I0p/W0D A8 im Al jpuljuo//Sdny Wwolj pepeojumoq ‘0T ‘€202 ‘TEZE8LYT


https://doi.org//10.1007/s00330-015-3966-y
https://doi.org//10.3390/nu14010132
https://doi.org//10.1148/radiol.14140754
https://doi.org//10.3390/metabo11120871
https://doi.org//10.1371/journal.pone.0225217
https://doi.org//10.1210/clinem/dgaa112
https://doi.org//10.2337/dc21-1758
https://doi.org//10.1016/j.numecd.2022.02.013
https://doi.org//10.1016/j.cgh.2020.04.067
https://doi.org//10.1016/j.cgh.2020.04.067
https://doi.org//10.1186/s12902-022-01134-z
https://doi.org//10.1016/s2213-8587(18)30079-2
https://doi.org//10.2337/dc19-2363
https://doi.org//10.1038/srep33386
https://doi.org//10.1038/srep33386
https://doi.org//10.1016/j.jhep.2022.08.010
https://doi.org/10.1111/liv.15635

	Trajectories of glycaemic traits exhibit sex-­specific associations with hepatic iron and fat content: Results from the KORA-­MRI study
	Abstract
	1|BACKGROUND
	2|METHODS
	2.1|Study sample
	2.2|Outcome assessment
	2.3|Exposure assessment
	2.4|Risk factors assessment
	2.5|Statistical analysis

	3|RESULTS
	3.1|Study sample
	3.2|Trajectories of glycaemia and of markers of glucose metabolism
	3.3|Correlation of glucose metabolism with hepatic iron and fat content
	3.4|Association of changes in glycaemia with hepatic iron and fat content
	3.5|Association of trajectories of glucose metabolism with hepatic iron and fat content

	4|DISCUSSION
	5|CONCLUSION
	AUTHOR CONTRIBUTIONS
	ACKNO​WLE​DGE​MENTS
	FUNDING INFORMATION
	CONFLICT OF INTEREST STATEMENT
	DATA AVAILABILITY STATEMENT

	ETHICS APPROVAL AND CONSENT TO PARTICIPATE
	REFERENCES


